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A new apparatus has been developed to detect and measure angular correlations between
energy-selected photoelectrons and coincident mass-analyzed fragment ions from photoionization at
selected wavelengths. It achieves velocity imaging for electrons and ions simultaneously and has
high collection efficiency for both particles, with moderate mass and energy resolution. Angular and
energy correlations between the two particles are measured, as are the angular distributions of each
particle independently relative to the light polarization direction. Fixed-molecule electron angular
distributions are deduced in cases of pure axial recoil. Examples of angular distributions from
photoionization of diatomic molecules are reported. © 2000 American Institute of Physics.
@S0034-6748~00!00703-6#I. INTRODUCTION
When randomly orientated molecules of a gas are ion-
ized by either polarized or unpolarized light, the inherent
averaging over all orientations reduces the information car-
ried by the angular distributions of ejected electrons to a
single alignment parameter, b. This parameter depends on
several physical quantities, partial wave amplitudes and
phase differences, which describe the dynamics of photoion-
ization, but which cannot be determined from b. By contrast,
if molecules could be photoionized while held at a fixed
orientation in space, the distributions of outgoing electrons
would be much richer,1 depending on the directions of both
the molecular axis and the electric vector, and could allow
complete analysis of the dynamics in favorable cases. Such
fixed-molecule angular distributions ~FMADs! have been
calculated2–5 and have been observed for CO adsorbed on
surfaces.6,7
For molecules with random directions in space, photo-
ionization produces alignment, described by b parameters, of
both the products, photoelectrons, and ions, taken singly.
Measurement of molecular ion alignment from fluorescence
polarization, or of energetic fragment ion angular distribu-
tions provides more information than the photoelectron an-
gular distribution alone and allows some partial wave analy-
sis of the ionization process.8,9 If instead of single
measurement of each particle, correlated fragment ions and
photoelectrons are detected in coincidence, the angular dis-
tribution of one with respect to the other can be equivalent to
measurement on fixed molecules. This is only true, however,
if any delay between ionization and dissociation is shorter
than the rotation time, as rotation would otherwise average
out the fine details of the distributions.10,11 In coincidence
studies of this kind, both alignment and orientation can be
observed. The first measurements were made by the fixed-
wavelength photoelectron-photoion coincidence ~PEPICO!
a!Electronic mail: eland@physchem.ox.ac.uk1330034-6748/2000/71(3)/1337/8/$17.00
Downloaded 13 Apr 2010 to 130.34.135.83. Redistribution subject tomethod,12 which has since been applied to many cases of
linear and polyatomic molecules.11,13–18 In the first applica-
tion of a related method to inner-shell ionizations,15 where
the anisotropy is particularly clear, a full parameterization of
the FMAD was achieved.
A difficulty with the standard PEPICO technique is that
alignment relative to the polarization vector cannot be distin-
guished completely from vector correlation between par-
ticles. This is because in standard PEPICO only one angle is
measured, by analysis of the projection of the ion velocity
vector onto a mass spectrometer axis. In all extant valence-
shell ionization studies with the exception of the measure-
ments of Golovin19 on O2, it has been necessary either to
ignore alignment due to light polarization or to assume that
its effect is much less than that of the interparticle correla-
tions.
In this work we describe an apparatus which measures
angular distributions of charged particles with respect to one
another and also with respect to the polarization direction.
The ejection angles of two or more correlated particles are
measured directly, in a frame where the light polarization
vector lies at a fixed position. The design is based on the
velocity imaging method of Eppink and Parker,20 in which
the position at which particles strike a detector depends only
on their initial velocity and angle and not on their initial
position within an extended source volume. An extended
source volume is crucial in enabling experiments using
single-photon ionization with relatively feeble laboratory
vacuum ultraviolet ~UV! light sources.
The velocity imaging method has the extremely advan-
tageous property for both single-particle and coincidence
work that particles emitted from a localized source at all
angles and all energies are detected simultaneously. It is
fully multiplex in both energy and angle, and in the present
work we show that this advantage can also be realized at the
same time for particles of opposite sign. A limitation is that
energies are not determined uniquely for each particle, as the
positional distributions of particles of higher energy partially7 © 2000 American Institute of Physics
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problem can be entirely overcome for single particles, and
largely overcome for correlated particle pairs, but by an ad-
mittedly complex data treatment. Overall, the velocity imag-
ing method must rank as one of the most efficient possible
data-gathering techniques for any process producing charged
particles.
After describing the apparatus and data reduction meth-
ods, we report as examples measurements on two particu-
larly clear cases, alignment of electrons and N1 fragments in
He II ionization to N2
1(F 2S1), and orientation of photoelec-
trons relative to N1 ions in ionization by HeII light to the
c 3P state of NO1. In both these cases the evidence strongly
supports a model of pure axial recoil; this means that the
results are equivalent to photoelectron angular distributions
for molecules fixed in space.
II. APPARATUS
Ionization occurs where wavelength-selected light is fo-
cused onto a collimated molecular beam target. A nonuni-
form electric field in the ionization region focuses ions and
electrons in opposite directions to two position-sensitive de-
tectors. The major sections of the apparatus are the light
source, the molecular beam source, the electron and ion
spectrometer, and the data gathering electronics. The geom-
etry is indicated in Fig. 1 and details of the spectrometer
itself are shown in Figs. 2 and 3.
FIG. 1. Schematic geometrical layout of the experiment. The azimuthal
angle f and the axial angle u are indicated for the ion; two angles are
defined in the same way for the electron. The trajectories shown represent
those that form an intense ring on the detectors for particles of a single
initial energy.
FIG. 2. Overall arrangement of the apparatus as a cut in the horizontal
plane.Downloaded 13 Apr 2010 to 130.34.135.83. Redistribution subject toA. Light source
Xuv light is generated by a low pressure hollow cathode
discharge in helium, neon, argon, or nitrogen.21 Individual
atomic lines are isolated by a grazing incidence monochro-
mator ~Jobin–Yvon LHT-30! with selectable slits giving 0.5,
1, or 3 nm resolution. The light is refocused into the main
chamber by a toroidal gold coated mirror (r151000 mm,
r25100 mm) forming a focal spot size of about 131 mm as
measured in visible light. The monochromator chamber and
mirror chamber are each pumped by 350 dm3 s21 tur-
bopumps, maintaining a vacuum below 231026 mbar in the
mirror chamber during lamp operation. No other differential
pumping of the lamp is needed. Baffles along the light path
from the mirror chamber into the main chamber restrict the
amount of scattered light striking electrode surfaces.
Because of two grazing angle reflections at the gold sur-
faces of the diffraction grating and refocus mirror, the light is
strongly polarized. From the optical constant of gold given
by Samson,22 the degree of vertical polarization at each of
the wavelengths commonly used is calculated as follows:
78% at 73.6 nm, 77% at 58.4 nm, and 61% at 30.4 nm. The
measured angular distributions of photoelectrons in cases of
known b ~given below! are consistent with these polariza-
tions, but are not precise enough to refine the values.
B. Molecular beam
Target gas can be supplied to the ionization region as
either an uncollimated effusive beam or a collimated mo-
lecular beam. The single differential pumping chamber has a
wedged extension into the main chamber, and is pumped by
a 700 dm3 s21 diffusion pump backed by a fast rotary pump.
The final aperture is 20 mm distant from the interaction zone.
Gas is injected from a 1 mm needle, which can either be
inserted through the aperture to provide an intense effusive
jet, or can be withdrawn to 20 mm beyond the aperture to
form a molecular beam in the main chamber. The main
chamber itself is equipped with a 1000 dm3 s21 turbopump;
pressure within it does not rise from the base pressure of 5
31027 mbar to more than 331026 mbar during normal op-
eration.
FIG. 3. Detail of the electron and ion optics, to scale apart from breaks in
the long flight tubes. The distances between adjacent grids and apertures are
all 1 cm. AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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To allow close access of the molecular beam source to
the ionization zone, the source region is constructed using
nested stainless steel cones, machined from commercial filter
funnels. The design is shown in Fig. 2. On the ion side two
copper grids ~electroformed mesh of 90% nominal transmis-
sion, 70 lines per inch! define an ion accelerating potential
before the flight tube, while on the electron side there are
two open apertures of 14 mm diameter made from 0.15 mm
Mo foil, 10 mm apart. The first aperture is also 10 mm from
the first ion grid. This electrode structure was designed by
numerical simulation following Eppink and Parker20 for ve-
locity focusing of the electrons using a variety of electron
flight tube lengths. In the course of testing and simulation we
discovered that the ions could be focused in the same way
simultaneously, despite the presence of the grids. Part of the
focus action for ions is produced by an inhomogeneous field
in the region between the two grids, produced by the shaped
structures shown in Fig. 3. For the flight tube dimensions
currently in use and shown in the Fig. 3, the focus conditions
are that for a potential difference of E1 ~typically 400 V!
across the source, the electron accelerating potential should
be 3.08E1 and the ion accelerating potential should be
0.88E1 . The actual voltages are arranged to make the source
field symmetric about earth potential, to minimize the effect
of field penetration from the molecular beam collimator and
light beam baffles.
Each flight tube is terminated by a grid to prevent field
penetration, followed by a two-dimensional position-
sensitive detector made from chevron microchannel plates
and a multipad anode connected to tapped delay lines for
positional readout of the x and y coordinates of particle
impact.23 The active areas of the detectors are circles of 40
mm diameter. Particles of a single initial energy emitted at
all angles in the source form filled circular images on the
detectors. The radius of such a circle is proportional to the
square root of the initial particle energy, and inversely to the
square root of the applied source potential. Thus, the maxi-
mum energies for which all electrons or all ions fall on the
detectors are proportional to the applied fields, and an appro-
priate field strength is chosen in each experiment according
to the expected electron and ion energies. The positional
resolution of the detectors is approximately 1 mm. Particles
arriving at each single detector in a bunch can be detected
and located unambiguously if their arrival times differ by
more than 50 ns, so positive ion pairs from dissociative
double ionization can easily be detected in coincidence with
electrons. Electron pairs arriving simultaneously at different
positions on the electron detector can also be detected, but
their position coordinates cannot be assigned unambigu-
ously.
Because all electrons and all ions from a point-like
source can be detected, the apparatus has very high collec-
tion efficiency.
D. Readout electronics
Each detector produces five separate output signals for
each particle arrival, a time reference signal from the micro-Downloaded 13 Apr 2010 to 130.34.135.83. Redistribution subject tochannel plate ~MCP! and two delayed signals from the ends
of each of the two orthogonal delay lines. The time signals
are fed on 50 V lines to fast amplifiers and discriminators,
while the delayed signals are conditioned by limited band-
width amplifiers and constant fraction discriminators in order
to achieve position centroiding.23 Particle positions are deter-
mined from the difference in arrival time at the two ends of
each line. The sum of the delayed arrival times in each di-
rection relative to the time reference should be equal to the
delay line length; a test of this sum is used in the case of the
electron signals as a filter to reduce noise and improve posi-
tional resolution. After discrimination and timing adjust-
ments using external delay lines, the signals are fed to a
multichannel timing card24 installed in a personal computer.
The card provides timing to 0.5 ns on 8 independent chan-
nels with capacity for up to 16 hits on each channel and, in
this experiment, is used with a common start provided by the
electron time reference pulses.
The readout of each event defined by an electron signal
takes about 100 microseconds, but as the count rate in mo-
lecular beam operation never exceeds 500 s21, no significant
paralysis is present. In normal operation, events where only a
single electron is detected are not saved, but all higher order
events are recorded in full. A typical run generates 100–200
MB of data during a period of 12–72 h, the runtime depend-
ing mainly on the intensity of the spectral line being used.
III. DATA REDUCTION
The data produced in this experiment are multidimen-
sional, and can be examined only as projections of the com-
plete data sets. The simplest projections, easily comparable
with results from other experiments, are mass spectra, pho-
toelectron spectra, and angular distributions of selected
single particles with respect to the electric vector of the in-
cident light. The first selection is usually by ion mass; ex-
amples of simple mass selections are photoelectron images
coincident with ions of a particular mass or ion images for
the parent ion or a particular fragment. Successively more
detailed selections, such as a mass-selected ion image coin-
cident with electrons of a particular energy and angle, are
made as data analysis proceeds.
A. Photoelectron and ion image data
For each recorded event, the raw data include the x,y
positions of electron arrival at the electron detector and ion
arrival at the ion detector. The distribution of the arrivals of
one particle, amassed from all events or from a chosen subset
of events, is a raw photoelectron or ion image. Because the
detectors are not perfect, some unevenness of sensitivity
must first be corrected using an array determined experimen-
tally by fitting raw data to a calculated template in a case
where the parameters are known. Electron or ion images se-
lected without restriction on azimuthal angle of the other
particle, can also be symmetrized by folding all the data into
a single quadrant, because such images are symmetrical
about both the electric vector direction ~y! and the horizontal
~x!. Electron images selected in coincidence with ions emit-
ted in a particular direction ~or vice versa! do not have this AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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tinct electron or ion energy contributes to a circular pattern
on the detector, with intensity concentrated around the cir-
cumference. For electrons emitted isotropically at a single
energy, the pattern should be the projection of a spherical
surface onto the plane; the properties of this projection are
used in the data reduction. The azimuthal angle of each par-
ticle ~around the apparatus axis! is measured directly, but
only the cosine of the altitude ~away from the axis! can be
determined. Full details of the transformations needed for
data reduction in this geometry have been given by Bordas
et al.,25 and the method is only outlined here. We work
within the approximation that the initial on-axis velocity of
the electrons is negligible compared with the velocity gained
in the applied electric fields ~large r of Ref. 25!.
For a single electron energy, intensity in the image ex-
tends from the circumference of the circle right into the cen-
ter. To separate several energies in a single image, we use a
numerical ‘‘peeling’’ process starting from the outside of the
image and working inwards along lines of constant y ~per-
pendicular to the electric vector!. For an image pixel x from
the center, the intensity in the pixel ~i.e., from x to x11) is
proportional to arcsin@(x11)/r#2arcsin(x/r), where r is half
the chord of the circle at that y value. This expression is used
to correct the shape of the distribution at each y. The total
intensity at fixed y is proportional to I(Q)/sin Q, where Q is
the angle from the electric vector direction, obtained as
arctan(r/y). After transformation, the image theoretically
contains a ring for each energy, with intensity distribution
around the rings giving the angular distribution at each en-
ergy as a function of Q. The total intensity in each ring is the
true total intensity of photoelectrons at that energy, with no
energy discrimination. An algorithm, not mentioned in pre-
vious work, is used to transform distributions of radial inten-
sity, integrated over all azimuthal angles, into energy distri-
butions. Starting from the highest radius, any radially
integrated intensity is interpreted as the outer ring for a
single energy, corresponding to an altitude angle of 90°. The
contributions made by that energy at all inner radii ~from
lesser altitude angles! are calculated and subtracted from the
image, after which the algorithm proceeds to the next inner
radius. The intensity in the range between r1 and r2 for a
single energy giving an outer radius r0 is
I~r1 ,r2!5s/r0@~r0
22r1
2!1/22~r0
22r2
2!1/2# ,
where s is the total cross section at that energy. This algo-
rithm can also be used for converting two-dimensional maps
of correlated radial intensity into maps showing correlations
between two particles’ energies. Its validity is limited in this
connection to cases where the two particles are not correlated
in angle. In practice it fails for cation pairs, m1
11m2
1 which
depart almost exclusively at 180° to each other, but gives
reasonable results for all electron–ion radial correlations,
where the angular correlations, though present, are much less
pronounced.Downloaded 13 Apr 2010 to 130.34.135.83. Redistribution subject toB. Angular distribution parameters
1. Single-particle images
The angular distribution of single particles of each re-
solved energy is directly represented as the intensity around
the corresponding ring in the peeled image. If the light was
fully polarized, the distribution without coincidence ~or inte-
grated over all directions of the other particle! would be ex-
pressed by the standard formula:
I~u!5s/4p@12bP2~cos u!# ,
where P2 is the second Legendre polynomial, here
1
2 (3 cos2 u21).
In the current geometry ~Fig. 1! the expression must be
modified for partially polarized light26 with degree of polar-
ization p and becomes
I~u!5s/4p~12 12 b~12p !P2~cos u!2 14 b~12p !!.
For a degree of polarization of 0.8, as suggested by the cal-
culations for reflection on Au at 73.6 and 58.4 nm, the cor-
rection for partial polarization is less than 0.1 units in b. This
is less than the other errors in the experiment, which are
apparent from tests of the apparatus, shown below ~in Fig.
5!. As a result, the degree of polarization cannot be deter-
mined more precisely from measured angular distributions of
electrons; conversely, the theoretically estimated polarization
is assumed to be sufficiently accurate for processing the ob-
servations.
2. Angular correlations between particles
To examine angular correlations between electrons and
ions, it is necessary to deal with the full mass-selected coin-
cidence data set. It is impossible to ‘‘peel’’ two correlated
images together, since the connection is at the level of indi-
vidual events. Instead, we select signals in one image which
correspond as far as possible to a single type of event. The
second particle image coincident with the selected signals
can then be examined the same way as a single particle im-
age.
The selection of events of a single type is not always
unambiguous. Events can be chosen with a defined azimuthal
angle and a defined radius range; only if the radius range is
restricted to an outer ring, does this choice represent a single
energy and an axial angle near 90°. Thus, events with well-
defined values of the energy and both azimuthal and axial
angles can be chosen only for outer rings in an image, that is
for ions or electrons which have the highest kinetic energy of
all those of the chosen ~or coincident! mass. This complex
selection process is best illustrated by an example.
In O2 photoionized at 58.4 nm, the lowest four electronic
states are stable. Thus, an electron image coincident with O2
1
ions contains signals from formation of the X, a, A, and b
ionic states, in descending order of electron energy. The
fragment ion O1 can be formed at this photon energy from
high vibration levels of the b state giving 2.5 eV electron
energy and near zero ion energy, or from all levels of the B
state giving 0–1 eV electron energy and 0.8–1.3 eV ion
energy. In the raw electron image coincident with O1, the b
state electrons form the outermost ring and can be selected AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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ring, which cannot be selected separately. Conversely in the
O1 ion image the outer ring is formed purely from dissocia-
tion of the B state, while the inner ring from dissociation of
b state O2
1 is mixed with B state dissociations. Pure b state
dissociations with a defined electron angle can be selected in
the electron image, pure B state events in the ion image.
Clean selection like this is often, but not always possible. If
both the ion and electron energy are intermediate in value
within the images, only relatively intense processes can be
examined selectively. In such cases the underlying contribu-
tion from higher energy processes can be estimated and sub-
tracted by selecting a radial zone immediately outside the
zone for the desired process.
To express the angular correlation between electrons and
fragment ions it is possible to fit the data for each selected
process to the general formula given by Dill,1 as simplified in
the case of axial recoil in cylindrical molecules1,15 measured
either along or perpendicular to the axis
F~u!5 (
K50
2lmax
AKPk~cos u!.
Here the summation goes from K50 to 2lmax , with lmax the
largest angular momentum component of the outgoing elec-
tron wave function. In simple dissociations, only even har-
monics are needed to describe dissociations of centro-
symmetric molecules such as homonuclear diatomics, but
Guyon et al.27 have discovered that in some cases the sym-
metry may be broken by charge localization in the final state.
For this reason we retain both odd and even terms in our
analysis. Separate fits are made for transitions where the mo-
lecular axis ~ion direction! is parallel or perpendicular to the
electric vector. Because the dissociation of valence-ionized
molecules may not be faster than molecular rotation, how-
ever, the assumption of pure axial recoil is not always valid
and the Dill parameterization may not be the most appropri-
ate. As an alternative parameterization we use expansion in
powers of cos uie , the angle between the photoelectron and
fragment photoion directions, because this choice allows cal-
culation of the effects of finite lifetime before dissociation
upon the coefficients.11 In order to calculate the effects of
molecular rotation, one needs to know the dissociation life-
time, as well as the mean rotation period. In future experi-
ments we plan to vary the rotational temperature in order to
quantify the effects, but at this stage it is more useful to have
criteria to judge whether or not axial recoil is a good ap-
proximation. We propose the following guidelines.
~1! After many periods of free rotation the fragment ion
asymmetry parameter b i is effectively reduced by a factor of
four,10 and so must be in the range 0.25,b i,0.5. Cases
where b i lies ouside this range are likely to be almost pure
axial recoil.
~2! Free rotation reduces all odd-power coefficients of
cos u to zero.11 Significant odd powers in dissociations of
heteronuclear molecules suggest axial recoil.
~3! Higher even powers of cos u are rapidly attenuated
by free rotation. Angular distributions which cannot be de-
scribed as functions of cos2 u suggest axial recoil.Downloaded 13 Apr 2010 to 130.34.135.83. Redistribution subject to~4! After free rotation, the angular distribution of elec-
trons with respect to any ion direction may hardly differ
from the electron distribution relative to the electric vector of
the light. A strong resemblance suggests significant rotation
before dissociation.
Because of the method of selection explained above, we
obtain both ion angular distributions for a fixed electron di-
rection relative to the light polarization, and electron angular
distributions for a fixed ion direction. These two forms of
angular distribution are not generally equivalent. In the pre-
vious PEPICO technique,11,16–18 the distributions recorded
were of ions for fixed electron directions in space, with in-
coming light polarization ignored.
IV. PERFORMANCE AND SAMPLE RESULTS
A. Positional, energy, and angular resolution
Simulations indicate that when ionization is within a cu-
bic volume with 2 mm sides, both electrons and ions of a
single energy and an altitude angle near 90° are focused to a
ring of less than 0.5 mm thickness. Experimentally, parent
molecular ions ~near zero kinetic energy! are focused to a
spot of 1.5 mm full width at half maximum ~FWHM!; if an
effusive jet source is used the spot is larger, but in molecular
beam operation there is no further decrease in spot size when
the beam is narrowed by moving the needle orifice farther
than 17 mm from the collimator. These observations indi-
cate, in agreement with the focus measurements of Eppink
and Parker20 that it is the spatial resolution of the detectors,
rather than the sharpness of focus, that limits the positional
resolution. As indicated by the measurements on parent ions,
the resolution for ions is slightly less good than for electrons,
and though not limited by the source volume is probably
affected by the presence of grids. The detectors are designed
for short deadtime in bunch mode rather than for high reso-
lution, and their positional resolution is about 1 mm in each
direction.
From the relationship between radius ~R! and particle
energy ~E!, it follows that for the energy resolution of either
particle
DE/E52DR/R .
Thus, for a ring at the outer edge of the detector where R
is 20 mm, the resolution in energy should be about 1 in 10.
This is borne out by observations on electrons from the rare
gases: for Xe ionized at 73.6 nm the 2P3/2 peak is 0.5 eV
wide FWHM at 4.8 eV electron energy, measured with a
source field of 400 V cm21, after peeling of the image. This
resolution is just sufficient to separate electronic states of
most of the diatomic molecules, though better resolution is
certainly desirable. The images for Xe before and after peel-
ing are illustrated in Fig. 4. No similar sources of monoen-
ergetic fragment ions are known, so tests of the ion energy
resolution are indirect. In the case of O1 ions from
O2
1(B 1Sg2), which have an energy spread from 0.8 to 1.1
eV with a known spectrum, our unpeeled ion spectrum is in
good agreement with expectation. AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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eter axis! is also limited for both ions and electrons by the
spatial resolution. For an impact at radius R the uncertainy is
Df5Ds/R ,
where Ds is a distance element perpendicular to the radius.
A resolution of 1 mm corresponds to an angle spread of 3° at
a radius of 20 mm. For the angle away from the spectrometer
axis, the angular resolution is extremely nonlinear, as the
angle is determined by
u5arcsin~R/Rmax!,
where Rmax is the maximum radius for the particle energy in
question. For a particle to contribute to the outer ring of
intensity ~e.g., 10% radius range!, the axial angle must be
roughly 90630°. The effect of this angular uncertainty on
the derived parameters is, however, less than might at first
appear. In determination of b values for single particles from
peeled images, the axial angular distribution has already
been fully compensated in the peeling process. In correla-
tions between particles, the analysis is based on measured
azimuthal angle differences, for limited radius ranges of both
particles. If the particles are aligned to one another at 0° or
180°, the spread in axial angle has no effect on the observed
azimuthal angle difference. If the particles are formed with
trajectories at 90° to one another, the observed azimuthal
angle difference distribution has its maximum intensity cor-
rectly at 90°, but with a widened angular spread. The degree
of angle spreading is a complex function of the radii; for
10% radius ranges at both detectors the maximum azimuthal
angle spread is 616°, and the estimated spread at half height
is 68°.
B. Ion mass resolution
The time of flight of ions is measured from the instant of
electron detection, so the electron flight time spread intro-
duces an uncertainty of the order of a few nanoseconds. This
is negligible for all ions including H1, however, compared
with the spread of ion flight times arising from the different
initial ionization positions within the source volume. In the
present design it is not possible to satisfy the conditions for
velocity imaging and time focus simultaneously, and the
broadening due to initial positions exceeds the broadening
due to initial velocities at the field strengths ~200–1600
V cm21! used. The resulting mass resolution is about 1 in 10
under our working conditions. This is sufficient to separate
all the fragment ions from the diatomic and triatomic nonhy-
dride molecules studied here.
FIG. 4. Electron images from Xe photoionized at 73.6 nm, before ~left! and
after peeling. The maximum electron energy is 5 eV and the two peaks are
1.3 eV apart.Downloaded 13 Apr 2010 to 130.34.135.83. Redistribution subject toC. Asymmetry parameters b for electrons and ions
To test the data reduction procedures for simple images,
b values have been derived from peeled electron images in
several cases where the asymmetry parameters are reliably
known.28 The resulting b values are plotted against literature
data in Fig. 5, which shows a mean discrepancy of 0.15
units. Possible sources of error include the low spatial reso-
lution and pixellation of the images, imperfect correction for
spatial sensitivity variations and imperfect subtraction of the
contributions of outer ~higher energy! rings to inner ~lower
energy! rings in the images. The uncertainty derived from
the counting statistics is always smaller than these systematic
errors.
There are very few published b values for photoions
from valence photoionization, though several have recently
been measured for photoionization from inner shells.29,30
Some data collected in the present work are listed in Table I.
D. Electron and ion correlations
1. Energy correlations
The correlation between photoelectron energy and ion
energy is a very important one as it connects the initial state
TABLE I. Asymmetry parameters for electrons and fragment ions.
Molecule State Ion Wavelength belectron b ion
N2
1 F 2S1 N1 30.4 nm 0.32 0.6
N2
1
‘‘G’’ N1 30.4 nm 0.02 0.48
NO1 c 3P N1 30.4 nm 1.03 0.25
NO1 c 3P N1 40.7 nm 0.40 0.45
NO1 c 3P N1 46.1 nm 0.08 0.58
H2
1 X 2Sg
1 H1 58.4 nm 1.95 0.14
O21 B 2Sg2 O
1 58.4 nm 0.84 0.2
CO1 4 2S1 C1 30.4 nm 0.37 0.28
CO1 4 2S1 O1 30.4 nm 0.36 0.58
CO21 C 2Sg1 O
1 58.4 nm 1.05 0.05
Statistical uncertainties are 60.05 units in b.
FIG. 5. Angular asymmetry parameters be for electrons from present mea-
surements compared with literature values. AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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ments reached in dissociation. This information has been
sought in the past by ion time-of-flight ~TOF! analysis of
conventional PEPICO ~photoelectron–photoion coincidence!
spectra, where it is inextricably convoluted with effects of
angular anisotropies. The present technique has the advan-
tages that angular distribution effects are completely sepa-
rated, and fragment ion energies are measured directly. The
ion energy resolution is also better than in most mass-
resolved TOF methods. The raw data form a two-
dimensional radial correlation map, showing the radial dis-
tribution of each particle for fixed radii of the other. The
radial peeling process can be applied sequentially to each
row and column in this map, ideally giving an image with a
single peak for each real correlation. Finally the scales of
radius can be transformed to linear energy scales. Examples
of these stages of data reduction are shown in Fig. 6, where
three distinct processes can be seen. At high electron energy
but low ion energy, O2
1 ions in vibrationally excited levels of
the b 4Sg
2 state dissociate to ground state O1O1. At lower
electron energy, dissociation is from the B 2Sg
2 state, most of
whose vibrational levels dissociate to ground state products
giving high energy ions, while a few dissociate to excited
products with low kinetic energy.
2. Angular correlations
To characterize angular correlations between electrons
and ions we use data selected first for mass of the fragment,
second for energy of the electron, third for energy of the ion,
and fourth for the angle of the ion relative to the polarization
direction. The data sets contain information on all possible
angles, but for the sake of contact with theory we choose
parallel and perpendicular orientations of the ions relative to
the polarization vector. As very clearly shown by Shigemasa
et al.15 in K-shell ionization of N2, the distributions of elec-
trons relative to the ion direction ~molecular axis! are rich in
structure and vary with the photon energy. The strong depen-
dence on the molecular ion lifetime before dissociation,
which may perhaps be ignored in core level ionization, is
also significant in many dissociative valence electron ioniza-
tion processes, but we leave full discussion of it for later
publications.
Case 1. Dissociation from N21(F 2Sg1) at 30.4 nm. The ex-
istence of a strong asymmetry in this dissociation was sug-
gested by the PEPICO results,16 and is fully borne out here.
The ion asymmetry parameter b i of 0.6160.05 exceeds the
FIG. 6. Radial correlation images for formation of O1 from O2 ionized at
58.4 nm. Shading indicates intensity in the correlation of radial positions of
the electrons ~horizontally! and coincident ions ~vertically!. The three fig-
ures a, b, and c show the raw image, the peeled image, and the peeled image
on a linear energy scale, respectively.Downloaded 13 Apr 2010 to 130.34.135.83. Redistribution subject tolimit for free rotation and suggests axial recoil. The electron
angular distributions for ion directions along and perpendicu-
lar to the electric vector are shown in Fig. 7. In parallel
orientation a fit to the distribution requires terms up to cos6 u,
while in perpendicular orientation terms up to cos4 u are
needed ~Table II!. The distribution in perpendicular orienta-
tion shows very strong on-axis alignment, as surmised from
the PEPICO data.16 The conclusion that this is near axial
recoil is inescapable, and since the dissociation lifetime is a
property of the ion state, it follows that equally rich structure
is to be expected at other ionizing wavelengths. Although the
distribution in parallel orientations shows contributions from
odd harmonics, we are not convinced that they are real. They
are much smaller than the even harmonics, and may come
from unrecognized experimental effects. If real, they would
indicate a tendency for the ion and electron to depart from
opposite ends of the molecule.
Case 2. Dissociation from NO1(c 3P) to N1 at three wave-
lengths. An angular anisotropy in ejection of N1 ions from
NO after ionization to the c 3P state at 30.4 nm has been
known for some time from PEPICO data.11,12 The ion asym-
metry parameter at 30.4 nm is only 0.2560.04, but rises to
0.4560.05 at 40.7 nm and to 0.5860.03 at 46.1 nm. The
electron angular distributions for fixed ion directions shown
in Fig. 8 and listed in Table III leave no doubt that the
dissociation is largely axial, however, as the distributions are
very strongly anisotropic. Electrons are ejected preferentially
in the direction of the O end of the molecule at 30.4 nm, and
the same preference persists, though less strongly at the
longer wavelengths. The change in form of distribution with
wavelength is very marked. The fall in sharpness of the an-
isotropy at longer wavelengths is consistent with a simple
model of diffraction of the outgoing electron wave by the
FIG. 7. The angular distribution of electrons with respect to N1 ions from
N2
1(F 2S1) in ionization at 30.4 nm, with the electric vector of the light ~a!
along the ion direction or ~b! perpendicular to it. Experimental points are
shown as 2s error bars, and the fitted sum of Legendre polynomials is given
as a solid line.
TABLE II. Coefficients of the Legendre polynomials fitted to the angular
distributions of electrons relative to N1 ions from N21(F 2S1) at 30.4 nm.
i ’
A1 20.0160.05 0.060.14
A2 0.9960.03 0.5660.08
A3 20.0660.04 20.0260.04
A4 0.4560.04 20.1960.02
A5 20.0660.04 fl
A6 0.7760.05 fl AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
1344 Rev. Sci. Instrum., Vol. 71, No. 3, March 2000 Takahashi, Cave, and Elandmolecular framework. The de Broglie wavelength is 2.8 Å at
30.4 nm, rising to 5.4 Å at 46.1 nm, compared with a bond
length of 1.2 Å in the NO molecule.
V. DISCUSSION
Our apparatus demonstrates that velocity imaging pro-
vides a powerful new tool not only for laser multiphoton
ionization work, but also for single photon ionization studies
in the ultraviolet and x-ray regions. The capability to obtain
velocity imaging for positive and negative particles simulta-
FIG. 8. Angular distributions of electrons relative to N1 ions from
NO1(c 3P) photoionized at three wavelengths, 30.4 nm ~top!, 40.7 nm
~middle!, and 46.1 nm ~bottom!. As in Fig. 7, each pair of graphs shows the
distributions for ions along the light polarization direction ~a, c, and e! and
perpendicular to it ~b, d, and f !.
TABLE III. Legendre coefficients for fits to the electron angular distribu-
tions relative to N1 ions from NO1(c 3P).
l/Å i/’ A’ A2 A3 A4
304 i 20.6160.12 1.4460.10 21.0960.03 0.7460.02
’ 20.4660.10 20.0960.08 0.1960.03 20.3560.02
407 i 20.2960.08 0.4560.07 20.4960.02 0.4260.02
’ 20.2060.05 20.1160.05 0.0860.02 20.2960.01
461 i 0.0160.13 0.2360.20 20.2860.04 0.0660.03
’ 20.0560.16 20.0560.14 0.3160.05 20.3560.03Downloaded 13 Apr 2010 to 130.34.135.83. Redistribution subject toneously is a useful advance for coincidence studies, opening
up the area of angular correlation work in particular. The
high collection efficiency for both particles in coincidence
makes it possible to work with a dilute molecular beam tar-
get and relatively weak laboratory light sources. There is
considerable scope for improved energy resolution, which
could be provided by position-sensitive detectors with higher
spatial resolution than the present ones, and by bigger detec-
tors. In the area of ion–electron angular correlations the new
apparatus has already been used to explore phenomena for
which detailed theoretical explanations are still awaited.
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